This paper presents the results obtained using a genetic algorithm ͑GA͒ to search for stable structures of medium-size silicon clusters. This is the third report in which a GA coupled with the MSINDO semiempirical molecular orbital program is used to find stable atomic cluster structures. The structures selected by the GA-MSINDO method were further optimized using the density functional theory ͑DFT͒. This combination of GA-MSINDO global optimization followed by DFT local optimization proves to be very effective for searching the structures of medium-size Si clusters. For most of the clusters studied here we report different structures with significant lower energy than those previously found using limited search approaches on common structural motifs. This demonstrates the need for global optimization schemes when searching for stable structures of medium-size silicon clusters.
I. INTRODUCTION
The study of the structure and physical properties of atomic and molecular clusters is an extremely active area of research due to their importance, both in fundamental science and in applied technology, ͓2͔ such as the luminescence in nanostructured silicon clusters ͓3͔ and the appearance of silicon photonic crystals with applications in nanotechnology ͓4͔.
Existing experimental methods for structural determination seldom can obtain the structure of atomic clusters directly. Therefore, the calculation, using theoretical structures, and comparison with experimental values of their physical and optical properties is the most common way to obtain structural information of atomic clusters. The prediction of the structures of clusters with a small number of atoms is well understood. But in spite of their critical importance in understanding the transition from microscopic to macroscopic behavior of nanomaterials and their possible technological applications, the prediction of the structures and properties of medium-size ͑10-100 atoms͒ clusters is much less developed.
The investigations on Si n clusters ͓5͔ have been directed by the formidable developments observed in the field of carbon clusters during the last two decades. Differences and similarities between both series of atomic clusters have been pointed out in numerous publications ͓6͔. For instance, no fullerenelike structures have been identified for Si n units, this is attributable to the sp 2 characteristic hybridization in fullerenes, which is more favorable for C n than for Si n units ͓7͔, i.e., silicon clusters of five atoms form three-dimensional compact structures while pure carbon clusters with ten or less atoms show linear and ring structures.
Clusters with up to ϳ10 atoms can be modeled using standard geometry optimization techniques in conjunction with quantum chemistry methods, such as the density functional theory ͑DFT͒, second order Møller Plesset, coupled clusters, etc. Systematic, global geometry optimizations of larger clusters is complex and time consuming due to the large number of possible structures ͓8͔ the time required for the calculation of their total energies, and the lack of effective methods to perform global searches. Nowadays, the global optimization of clusters with ϳ20 atoms is almost an intractable problem and inconsistent results on the structures of Si n , 10ഛ n ഛ 30 clusters have been reported in the literature ͓5,6,9-15͔. For these medium-to large-size clusters the option of using ab initio or DFT methods to calculate the cluster energies is limited due to the extremely large computer resources needed. For this reason the literature presents a great number of methods for searching structures of Si clusters using either very approximate energy approximations and/or minimization schemes based on local optimizations of plausible structural mottifs ͓16-19͔. Jackson et al. ͓16͔ employed the big bang search algorithm, an unbiased and highly parallel method for searching cluster energy surfaces using the density-functional tight-binding ͑DFTB͒ method, and presented structures for silicon clusters with 20-27 atoms significantly more stable than any of those previously found. These structures neither resemble bulk silicon packing nor obey the rule of tricapped trigonal prisms stacking ͓8,17,18͔. Yoo et al. ͓5͔ used a combined molecular mechanics-quantum mechanics procedure to search for Si 21 and Si 25 clusters finding some isomers with appreciably lower energy than those reported previously. They are also more spherical-like than the ones found by an unbiased search for the lowest-energy geometric structures of medium size-silicon clusters Si n ͑27ഛ n ഛ 39͒ using a genetic algorithm combined with the tight-binding method ͓19͔. These results appear to be in agreement with recent measurements *Corresponding author. E-mail address: marta@df.uba.ar of mobility of Si n + silicon clusters showing that prolate and compact isomers can coexist for n between 25 and 33 ͓20,21͔. Very recently Yoo and Zeng ͓22͔ used a computational approach that combines the unbiased basin-hopping ͑BH͒ global optimization method, employing two types of GGA ͑general gradient approximation͒ exchange correlation functionals BLYP and PBE ͓23͔ followed by an all-electron reoptimization using B3LYP/6-311G͑2d͒ and PBE1PBE/6-311G͑2d͒ to find new more stable structures for Si 16 , Si 17 , Si 18 , and Si 22 . In this work the authors kept a Si 6 /Si 6 motif as the seed in their DFT-BH search. Similar techniques were used in the study of one of the largest studied silicon clusters, Si 36 ,͓6͔ introducing small modifications into several common structural motifs observed in nanostructures: cages, wires and fullerenes. But in subsequent work on Si 36 we have shown ͓24͔ that a global search based in a GA-MSINDO approach followed by local optimization using DFT methodologies is able to find at least three structures of Si 36 that have significant lower energy than those previously known in the literature ͓6͔. This finding clearly highlights the importance of exploring the complete configuration space when searching for atomic clusters. Here, we report the use of the same approach to predict the structure of silicon clusters with 18-60 atoms.
In addition to the global structural searches discussed above, in this work we investigate the static dipole polarizabilities of the Si clusters generated here and explore the relationship between polarizability, bonding energy, and high occupied molecular orbital-low-unoccupied molecular orbital ͑HOMO-LUMO͒ gap with the cluster's size. The importance of using polarizability data to rationalize experimental observations has been highlighted ͓25͔, and therefore there is a considerable effort to obtain confidence on the reliability of the theoretical models used for its calculation. The dipole polarizability of silicon clusters with 9-120 atoms has been measured ͓1͔ and they can be used as guide posts in the search for stable structures of Si n clusters. Jackson et al. ͓26͔ computed polarizabilities for compact and prolate structures of Si n clusters ͑n = 20-28, and n =50͒ and found that the charge density show a metallic-like response of the clusters to an external field. The calculated polarizabilities of these clusters are reproduced by jellium models of spheres and cylinders of similar dimensions. The experimental polarizabilities reported by Schäfer et al. ͓1͔ vary irregularly around the bulk limit ͑␣ bulk = 3.71 Å 3 / atom͒ for n ജ 9; i.e. 2.9, 5.5, 2.8, and 1.8 Å 3 / atom for n = 9, 10, 11, and 12, respectively. On the other hand, theoretical results reported in the literature are greater than 4.0 Å 3 / atom ͓15,27,28͔. Becker et al. ͓29͔ have also reported experimental evidence that Si n clusters with 60ഛ n ഛ 120 are characterized by mean polarizabilities below the bulk limit. There are also theoretical results for silicon clusters up to 13 atoms ͓15,27,28,30-32͔, most of them employing the DFT methodology.
It is also known that the HOMO-LUMO gap correlates well with the polarizability of an atomic cluster, being easier to polarize those systems with a smaller HOMO-LUMO gap ͓33͔. Pouchan et al. ͓30͔ found a correlation between polarizability of Si n ͑n =3-10͒ and the size of the energy gap between symmetry-compatible bonding and antibonding molecular orbitals, that is the "allowed gap," instead the HOMO-LUMO gap. However, this correlation has not been verified for medium-size clusters.
Here we present stable structures and polarizabilities for Si 18 , Si 20 , Si 21 , Si 22 , Si 24 , Si 26 , Si 30 , Si 32 , and Si 34 , to demonstrate the validity of the method in silicon clusters with structures that are well characterized using DFT methods ͓10,34-36͔ and present different structures for larger clusters that have not been previously studied in detail, Si 40 , Si 46 , and Si 60 . We have included Si 60 in our studies due to its possible similarity with the analog C 60 .
II. METHODOLOGY
In any GA implementation it is necessary to define a genome with enough information to calculate the associated fitness function. For the case of atomic clusters, the genome is quite simple because there are no symmetry or periodicity relationships that constrain the parameters in the genome. The genome is given as an array containing the coordinates of the atoms. This array has dimension 3N, were N is the number of atoms in the cluster. Moreover, any genetic operator, mating, crossover, mutation, etc., applied to this genome produces a valid individual, i.e., a possible structure for the desired cluster size.
The first population, of size N pop , is constructed by generating a set of atomic coordinates using random numbers. These random numbers, used to define the atomic positions in the cluster, belong to specific intervals selected according to the expected dimensions of the cluster; these restrictions have been included to avoid sampling in nonphysical configurations. The distances between any pair of atoms are calculated and compared with a set of rules that guarantees that they are within the normal values for silicon interatomic distances, otherwise the structure is rejected. This set of rules is designated to eliminate from the initial population all those structures that are evidently unphysical. There are basically two rules, the first states that if any pair of atoms is closer than a minimal distance ͑r 1 ͒ the structure will be rejected, the second rule states that if any atom is at a distance larger than r 2 to any other atom in the cluster the structure also will be rejected.
The GA operations of mating, mutation, and selection are used to evolve one generation into the next. In addition, for the larger clusters we have augmented these operations on the genome by using our implementation ͓37͔ of the real space "cut and split" operator introduced by Johnson and Roberts ͓38͔. The population replacement is done through the steady-state genetic algorithm, which typically replaces only a portion of the individuals in each generation ͓39-41͔. This technique is also known as elitism, because the best individuals among the population, 50% in our case, are copied directly into the next generation. The criteria for fitness probability, selection of the individuals, and mutation are discussed in detail in Ref. ͓42͔ . Like any stochastic minimization procedure the GA should be run several times to guarantee that the resulting structures are independent of the initial population and statistically significant.
The MGAC package has been implemented in C ++ language using parallel techniques ͑MPI͒, making it very por-table as well as easy to maintain and upgrade. Our parallel MGAC implementation of the parallel GA ͑PGA͒ is particularly efficient ͓43͔.
Using the information contained in the genomes the energy of each individual was evaluated and its structure relaxed to its local minimum. The methodology used here does not take into account any symmetry constraint. All the energy calculations for the GA optimizations were done using the MSINDO code. The optimizations used approximately 20-30 individuals for clusters with less than 40 silicon atoms, while the number of individuals was increased for larger clusters reaching 40 individuals for Si 60 . The number of individuals was taken approximately as 50% of the number of free parameters in the optimization in Ref. ͓24͔, but we have verified that the smaller populations chosen here are large enough to have the required diversity to assure a good description of the configuration space. For the smaller clusters the GA converged in ϳ30 generations, while for Si 46 and Si 60 the GA optimization required more than 200 generations to converge.
The GA procedure was repeated several times employing different initial populations to confirm that the final selection of isomers was independent from the initial population. Populations were considered converged when the standard deviation of the energies in the population reaches 0.1 eV, for Si 18 to Si 24 , and from 0.2 eV, for Si 25 , to 0.4 eV for Si 60 . The structures in the final population were manually classified selecting a set of structures with a significant diversity for further refinement. All the structures in the population with significantly different features were considered for further analysis. The geometry of these isomers was locally optimized using density functional methods with the B3PW91 exchange correlation functional using the LanL2DZ basis set and Los Alamos pseudopotential ͓44͔ to reduce the computational cost associated with the larger cluster. Additional calculations using the Stuttgart pseudopotential with its corresponding basis set, SDDALL ͓45͔, and the B3PW91 exchange correlation functional were performed to verify the sensitivity of the results with the selection of the pseudopotential. Vibrational frequencies were calculated for the optimized structures to check that no imaginary frequencies are present, confirming that the isomers presented here correspond to true minima of the potential energy.
In this paper we also have evaluated the static dipole polarizabilities for each final B3PW91-LanL2DZ and B3PW91-SDDALL stable structures of Si n . All the DFT calculations have been done using the Gaussian package of programs ͓46͔.
III. RESULTS AND DISCUSSION
Figure 1 displays the stable structures obtained for the clusters Si 18 -Si 40 , Si 46 , and Si 60 employing the B3PW91-SDDALL scheme for their final local minimization and their corresponding binding energy per atom. The corresponding structures employing the B3PW91-LanL2DZ basis set are very similar to those of Fig. 1 , most of them exhibit little differences in bond lengths and bond angles. Those structures for which the relaxed B3PW91-LanL2DZ isomers are not quite similar to the B3PW91-SDDALL ones are available free of charge ͓47͔. The isomers enclosed into frames are very similar to those that have been previously reported in the literature ͓6,19,26,48,49͔. In the Fig. 1 , for the most stable isomer of each cluster, we have drawn the quantities L x , L y , and L z , ͑measured in Å͒ representing the maximum extension of each isomer along the directions of its principal axis of inertia. The axes are labeled such that the modules of
y , and L z ͒ for all the isomers studied here are also included in the Supplementary Material session ͓47͔. It is apparent from these data and from Fig. 1 that most of the isomers are prolate, but some of them are compact: Si 24 -d, Si 34 -b and Si 46 -a.
In Table I we present the binding energies per atom, dipole polarizabilities per atom, energy gap, and dipole moment of all the clusters studied here. The binding energies are based on calculated silicon atomic energies of −101.536, and −101.429 eV, for the B3PW91-SDDALL and B3PW91-LanL2DZ methods respectively. In addition we have included the calculated binding energies per atom and the dipole moments of other structures reported in the literature by other authors ͓5,16,22,49͔, that kindly provided us the geometries of their ground states. The calculations of the properties of these structures were performed using the B3PW91-SDDALL and B3PW91-LanL2DZ approaches without further local optimizations. For most clusters, our approach is able to find numerous stable structures with higher binding energies, i.e., more stable, than the lowest one obtained by previous approaches based on lattice replacements and the local optimization of known structural motifs ͓5,16,22,49͔. This becomes even more apparent as the size of the clusters grow. The locally refined structures are slightly more stable than the MGAC-MSINDO structures, but even the MGAC-MSINDO structures are more stable than the previously determined structures of Si 18 , Si 20 , Si 21 , Si 22 , Si 24 , Si 26 , Si 40 , and Si 60 . This finding highlights the importance of exploring the complete configuration space when searching for atomic cluster structures. Some of the structures provided by other authors exhibit imaginary frequencies indicating that for the methods used here they do not correspond to an actual local minima of the energy, this fact is indicated in the table with an a . Some compact isomers of Si 30 , Si 32 , and Si 34 taken from the same sources ͓18͔, are more stable than ours. An inspection of these structures and the one given in Ref. ͓50͔ for Si 40 , shows that these are endohedral of structures, i.e., they correspond to Si 2 @Si 28 , Si 4 @Si 28 , Si 4 @Si 30 , and Si 6 @Si 34 , which exhibit several hypervalent silicon atoms. While it is well known that hypervalent states are possible for silicon ͓18,50͔, the MSINDO energies of these structures are 4.35, 5.71, 5.44, and 9.25 eV, respectively, higher than those for the corresponding best MGAC/MSINDO isomers. This is an indication that the MSINDO is not able to reproduce the correct energy ranking of structures with silicon hypervalent atoms, leading to the rapid elimination of these structures in the population of the GA. Figure 2 depicts the calculated binding energies per atom ͑BE/atom͒ with both the B3PW91-LanL2DZ and B3PW91-SDDALL approaches for the most stable clusters found in this work, as a function of the cluster size. The values in-crease slightly when the number of atoms increases, but this increase is not monotonic. The behavior is similar for both methodologies and reproduces the features observed by other authors in the smallest clusters of the series, to our knowledge. Our calculated binding energies for the most stable clusters, ranging from 4.140 to 4.313 eV ͑SDDALL͒ and from 4.356 to 4.592 eV ͑LANL2DZ͒ are slightly higher than the average experimental value of ϳ3.6 to 4.0 eV, reported by Bachels and Schäfer ͓50͔ for clusters of these sizes.
Using a simulated annealing combined with a tightbinding molecular dymamics methodology, proptotypes of stuffed fullerenelike cages were studied for Si 40 ͓51͔. None of the six most stable isomers found in this work resemble a cage structure. However, calculations using both, B3PW91-SDDALL and B3PW91-LanL2DZ, for the structure informed in Ref. ͓51͔, show that this structure is also a good candidate for the most stable isomer, and according to our calculations it presents one imaginary frequency, and a binding energy of 4.286 eV/ atom. As discussed above, most likely this structure is rapidly eliminated from the GA population due to the overestimation by the MSINDO of the energies of structures with hypervalent silicon atoms. The binding energy per atom of our optimized structures is 4.29 eV/ atom which is slightly larger than the experimental estimations of about 3.95 eV/ atom ͓50,52͔.
We report also the results corresponding to the four best isomers of Si 60 produced by our approach. We include in Table I the binding energies, polarizabilities, HOMO-LUMO gap, and dipole moments corresponding to the geometries of the stuffed structures SF1 and SF2 reported in Ref. ͓49͔. Our Si 60 -a is very similar to the SF1 structure. Isomer Si 60 -d relaxes to Si 60 -b for the LanL2DZ basis set. All our isomers, at the level of calculation presented here, are more stable than the ground state of Sun et al. ͓49͔ , which according to our calculations presents five imaginary frequencies. Figure 3 displays the behavior of the HOMO-LUMO gap for the most stable isomers for both basis sets. The gap is between 0.77 and 2.25 eV, approximately. The gap rapidly decreases with the number of atoms in the cluster until n = 30, then it is almost constant approaching the bulk gap of around 0.65 eV obtained at a similar level of calculation ͓53͔. In general, the gap shows little sensitivity to the method used in the calculation.
The polarizabilities evaluated using the B3PW91-SDDALL are in the range Ϸ4.87-5.78 Å 3 / atom, while those calculated with the B3PW91-LanL2DZ, are in the range Ϸ4.61-5.42 Å 3 / atom, and there is no difference on their tendence with respect to the cluster size, as it is depicted in Fig. 4 . The calculated values are in the same range of those calculated by other authors. For instance, Jackson et al. ͓54͔ reported local density approximation polarizabilities for Si 20 and Si 21 of 4.83 and 4.58 Å 3 / atom. In Fig. 4 the vertical bars on the SDDALL and LanL2DZ result represents the polarizability's dispersion of values among all the clusters studied here for each number of atoms. For the experimental data plotted in this figure the experimental error bars ͓1͔ are also included. It is apparent that the experimental values are always smaller than the calculated ones. Unfortunately, the comparison between experimental and calculated polarizabilities is difficult because the experimental procedure ͓1͔ does not determine their absolute values; it is always measured relative to the polarizability of 13 Al which has been extracted from a theoretical prediction ͓55͔. In order to investigate the possibility that the discrepancy observed between the experimental and calculated data arises from an incorrect value of the polarizability used as a reference, we have performed a least-squared regression between the theoretical and experimental predictions. The 2 confidence estimator for the correlation is defined as
where the sum runs over the 12 cluster sizes for which there are experimental data among our theoretical predictions. y i , i , and t i , are the experimental values, their errors, and the theoretical calculations, respectively. The value of the 2 at the minimum, obtained for a = 1.53, yields 2 = 9.2 for 11 degrees of freedom, which corresponds to a 2 probability of 61%. This indicates a good level of agreement between the theoretical predictions and the rescaled experimental data. The same type of regression has been found for the polarizabilities taken from theoretical predictions of other authors ͓26͔. It is worth noting that recently exhaustive theoretical calculations of the dipole polarizability of an aluminum atom ͓56͔ present a deviation of approximately 26% with respect to the value used in the atomic cluster measurement ͓1͔. The use of the new theoretical value should increase the experimental dipole polarizabilities of silicon clusters giving a 2 = 24.5, corresponding to a marginal concordance of 1% to be compared to the complete disagreement probability of 10 −8 % obtained when using the experimental published results.
The SDDALL calculated polarizabilities ͑Å 3 / atom͒ together with the inverse of the gap ͑eV −1 ͒ are plotted out in Fig. 5 as a function of the number of Si atoms in the cluster.
The selection of the inverse of the gap to make the regression is inspired in the fact that according to the simple perturbation theory, using the one electron wave function, the gap between the occupied and unoccupied molecular orbitals controls the magnitude of ␣. The linear fit for the ␣ values versus the inverse of the gap between the highest occupied and the lowest unoccupied molecular orbitals: E g −1 gives the relation
For Si n ͑n =3-10͒ Pouchan et al. ͓30͔ found the correlation between the polarizability and the size of the energy gap between symmetry-compatible bonding and antibonding molecular orbitals, which they call "gap allowed" ͑E ga ͒. The use of a different definition of the gap explains the difference in the slope.
IV. CONCLUSIONS
A new strategy to find stable isomers of silicon clusters has been presented. The principal advantage of the hybrid technique proposed here is that it does not need to make any assumptions on the symmetry or type of the cluster structures, allowing for a full exploration of the complete configuration space available for the cluster geometry. Moreover the use of GA for the exploration of the space allows for an efficient search into those regions of the configuration space that represent the desirable low-energy configurations. This global search was possible due to the use of a semiempirical energy function because computational limitations still make these searches difficult when using ab initio methods for medium-size clusters. With the exception of Si 30 , Si 32 , and Si 34 , where the MSINDO fails to reproduce the correct ranking of endohedral structures, it is clearly demonstrated that previous approaches, using local optimization of plausible structural motifs, may produce structures that are significantly higher in energy than those presented here. This justifies the need for global optimization schemes when searching for stable structures of medium-size silicon clusters.
